Abstract An investigation on the groundwater potentials of the Egbe-Mopa area in central Nigeria, underlain by the Basement Complex, is presented. The investigation involved mapping of the subsurface by use of vertical electrical soundings; measurement of depth to groundwater; and evaluation of hydraulic conductivity, transmissivity and yield by means of pumping test interpretation. The results indicate subsurface units that range from three to five resistivity layers; depth to groundwater of 0-10 m; overburden thickness of 3-16 m; hydraulic conductivity of 6.2 × 10 -6 to 3.4 × 10 -4 m/s; transmissivity of 4.3 × 10 -7 to 2 × 10 -3 m 2 /s; and groundwater yield of 0.2-2.5 L/s. The hydraulic head assessments revealed a general northward groundwater flow direction. The study identified three aquifer potential types, of high, medium and low productivity, respectively. Based on the longitudinal conductance of the overburden units, four distinct Aquifer Protective Capacity zones were delineated, namely, poor, weak, moderate and good.
INTRODUCTION
Water is a universal solvent on Earth, whose main sources include rivers, springs, wells, boreholes and other freshwater bodies. These sources provide water for drinking, domestic, industrial and agricultural purposes. In Nigeria, potable water has in the past been supplied by the government-owned public water utilities (GPWU), whose main supply sources are treatment plants fed with water from artificial reservoirs, flowing perennial streams, lakes and deep boreholes. With the country's fast population growth and increases in industrial activity, the supply of water by the GPWUs has gradually become inadequate in both quality and quantity. In Egbe-Mopa area, central Nigeria (Fig. 1) , a large percentage of the rural population depends on hand-dug wells and boreholes, which often fail or yield poorly because they have not been well sited in terms of production capacity of the well location.
Numerous works have been carried out worldwide in sedimentary basins and Basement Complex areas on the evaluation of groundwater productivity and aquifer protection properties using geophysical techniques. Woodruff et al. (1972) studied the groundwater resources of the University of Delaware (USA) and its environs, an area that is underlain by both Basement Complex rocks and sedimentary rocks. A potential groundwater yield of about 500 gpm was estimated from a borehole in the Piedmont province underlain by metamorphic rocks. This high yield was attributed to secondary fracturing of the basement rocks. Woodruff et al. (1972) reported that hard rocks of the Piedmont generally yield smaller and unpredictable amounts of water than do the coastal plain rocks. According to their study, the difference in the yield of the two areas is a result of the poor permeability of the crystalline rocks of Piedmont.
Flores- Marques et al. (2001) used electromagnetic survey (EM) and vertical electrical sounding (VES) to characterize the Etla Valley (Oaxaca, Mexico) aquifers. The VES profiles showed an aquifer basically containing sands, boulders, gravels and alluvium overlying a clay stratum that behaves hydraulically as the seal of the first aquifer (aquitard). The 34 EM observations showed that the vadoze zone averages 20 m in thickness. Deep and shallow horizons suggested the presence of a second aquifer underlying a saturated-clay layer. A contamination plume with extremely high resistivity values was observed in the southern section of the mapped area. This feature seamed to disperse towards the northern portion of the valley, where the main water wells are located. Braga et al. (2006) evaluated the aquifer protection capacity of the overburden units in the vicinity of Alberto Pasqualini refinery of Rio Grande do Sul (Brazil) using the direct-current resistivity method. The calculated longitudinal conductance from the overburden layers and resistivity revealed that the overburden units are characterized by very good, good, moderate and weak aquifer protective capacity. Braga et al. (2006) concluded that zones characterized by very good and good aquifer protective capacity are well protected against contamination, while zones of moderate and weak aquifer protective capacity are zones of probable risks of contamination.
In Nigeria, Atakpo and Ayolabi (2009) conducted 139 VES in six communities in the oil-producing sedimentary terrain of Western Niger Delta to evaluate the overburden protective capacity of the area. Their results revealed that the overburden units in those communities surveyed are characterized by poor, moderate and good aquifer protective capacity. Ehirim and Ofor (2011) used VES and 2D resistivity imaging to assess the aquifer vulnerability to contaminants near solid waste landfill sites in Port Harcourt, Nigeria. The interpreted VES and 2D resistivity imaging results revealed that the area is underlain by sandy formations of varying grain sizes, and the computed longitudinal conductance of the geoelectric layers overlying the aquifers ranged from 0.009 to 0.06 siemens, which implied poor aquifer protective capacity and indicated that the area is of probable risk to soil and groundwater contamination. Okiongbo et al. (2011) used longitudinal conductance estimated from interpreted VES results to classify the overburden materials in Yenagoa city, southern Nigeria, into poor, moderate and good aquifer protective capacity. Mohammed et al. (2012) used interpreted results of 165 VES to evaluate the aquifer protective capacity and soil corrosivity properties of Fadama floodplain of Chad basin, Nigeria. Their findings show that the aquifer protective capacity of the area ranged from poor to good, with a large portion of the area having corrosive topsoil.
On Basement Complex terrain, Dan-Hassan and Olorunfemi (1990) investigated the groundwater resources of the Basement Complex of the northcentral part of Kaduna State, Nigeria. From their survey, the isopach map of the overburden showed that depth to the fresh basement varies from 4.3 to 64 m, and boreholes located within basement depression zones, which correspond to areas of relatively thick overburden, give relatively high groundwater yields of 0.4 to 5.31 m 3 s -1 . Mogaji et al. (2007) used geoelectric investigation to evaluate the aquifer protective capacity and corrosivity of the near-surface material in the basement complex of Dape Phase 111 housing estate, FCT Abuja, central Nigeria. They observed that the area is underlain by materials of weak to poor protective capacity, which suggests that the groundwater in the area is vulnerable to pollution, for example, if there were leakage of buried underground storage tanks, or infiltration of leachate from decomposed refuse dumped within or near the studied area. Abiola et al. (2009) studied the groundwater potential and aquifer protective capacity of overburden units in Ado Ekiti, Nigeria. They delineated three groundwater potential zones (high, medium and low) and aquifer protective capacity (good, moderate and poor) in the study area. Aweto (2011) in his study of aquifer vulnerability at Oke-Illa area, southwestern Nigeria, observed that the aquifers in the area are located within the weathered layer and occur at shallow depths ranging from 3.9 to 15.7 m below the ground surface. Measured longitudinal conductance from 25 VES stations revealed three levels of aquifer protective capacity rating, namely, poor, weak and moderate. Oyedele et al. (2011) applied electrical resistivity techniques in the evaluation of groundwater potential and aquifer protective capacity at Oru-Imoye, Ogun State, Nigeria. The groundwater potential rating was based on the weathered layer resistivity and overburden unit thicknesses and the aquifer protective capacity on the longitudinal conductance of the overburden units. The measured weathered layer resistivity ranged from 88.26 to 251.1 m and the overburden thickness varied from 18 to 26 m. Eighty-five per cent (85%) of the area fell under high groundwater potential rating, while 15% fell under medium groundwater potential rating. The calculated longitudinal conductance varied from 0.07 to 0.18 m, indicating poor to weak protection capacity owing to the high sand content of the overburden units, and the area was judged to comprise highly productive aquifers but to be poorly protected (Oyedele et al. 2011) .
No previous work exists on the hydrogeology and groundwater potentials of the Basement Complex area of Egbe-Mopa. This work, therefore, is aimed at evaluating the groundwater potentials of the EgbeMopa area, where evaluation is considered essential in view of the rapid industrialization of the area and accompanying population growth. The evaluation was limited to the groundwater productivity and the aquifer protection of the area, which exceeds 140.4 km 2 .
DESCRIPTION OF THE STUDY AREA

Location
The Egbe-Mopa area, which is part of the present-day Kogi State of Nigeria lies within longitudes 5 • 30 and 6
• 02 E and latitudes 8 • 00 and 8 • 15 N (see Fig. 1 ).
The accessibility of the settlements in the area is enhanced by good road networks. Three important towns within the area, namely Mopa, Amuro and Egbe, are linked by a major road, the Ilorin-Kabba Trunk A Road, with other settlements well connected by fairly good secondary and minor roads, except the road linking Odo-Ara and Igbaruku villages, which is unpaved and in a bad state. The road connecting Egbe and Ogbe was under construction at the time of this investigation.
Climate
The climate of the area is made up of two major and distinct seasons: a wet season, which usually lasts from March to October, and a dry season which lasts from November to February 
Physiography
The western 
Geology
The Nigeria Basement Complex consists of five main rock groups: un-metamorphosed dolerite dyke (youngest), older Granite, charnockitic rocks, slightly migmatised to un-migmatised para-schist, and metaigneous rocks and migmatite-gneiss complex (oldest). Detailed discussions on the geology of the northcentral Basement Complex of Nigeria have been presented previously by many authors, notably including De Swardt (1953), Hubbard et al. (1968) , Dempster (1967) , Rahaman (1971 Rahaman ( , 1973 Rahaman ( , 1989 , Cooray (1972) , Oyawoye (1961) and Oyawoye and Makunjuola (1972) . Locally, the Egbe-Mopa area is underlain by gneisses, migmatite gneiss, older granite and metamorphosed sediments (Bafor 1981) . The rocks are broadly oriented in the north-south direction and marked by a sub-parallel alignment of elongated and closely-packed feldspar phenocrysts, mainly microcline, and a corresponding preferred orientation of biotite mica and iron minerals (Mev-Hydrosearch 2001) . The migmatites are impregnated by numerous pegmatite and quart-feldspartic veins and capped with laterites. A geological map of the Egbe-Mopa area is presented in Fig. 2. 
MATERIALS AND METHODS
Eighty-one vertical electrical soundings (VES) were carried out in the study area using Schlumberger array-ABEM SAS 300B. Figure 3 is the VES station map which shows the locations of the geo-electric survey stations. Raw geophysical data generated in the field were interpreted using curve matching and the computer iteration (software) WINRESIST. Other computer software employed are ArcMap 9.3 and Surfer 8. These were used in the contouring of the maps. The results of the interpreted VES data were presented in table format and typical 2D geo-electric sections presented in figure form. Different types of curves were identified within each geo-electric subsurface layer type based on the pattern of variation of the electrical resistivity values of subsurface layer units.
Aquifer Protective Capacity (APC) is the ability of the overburden unit to retard and filter penetrating ground surface polluting fluid into the aquiferous unit. The APC for the study area was evaluated using the longitudinal conductance measured in mhos for each VES station. The total longitudinal conductance (S T ) of the overburden unit at each VES station was obtained by the relation (Zohdy et al. 1974) :
where S T is the total longitudinal conductance of the overburden unit (mhos); ρ i is the layer resistivity ( m); h i is the layer thickness (m); and n is the number of layers. Two hydrogeological approaches were employed in the evaluation of groundwater potential, namely depth to water measurements and pumping tests. The depth to water of over 100 hand-dug wells was measured using weighted measuring tape, while their topographic elevations and coordinates were established using Geographical Positioning System (GPS). The measurements were carried out at the peak of the dry season, January to February. In this period the depth to water is at its lowest and water table fluctuations are also very minimal. The measurements were meant to aid construction of depth to water contour and hydraulic head maps. The hydraulic head of each well was obtained by subtracting the depth to water measured from each well from its topographic elevation above mean sea level. The data so generated were employed in determining the direction of groundwater flow. Pumping test data were supplied by the Hydrogeology Department of the Lower Niger River Basin and Rural Development Authority (LNRBRDA 2002), Ilorin, Kwara State. The Cooper-Jacob method, which provides a simple algebraic solution to the Theis equation and enables one to calculate drawdown without using well functions, was used in determining the aquifer parameters of hydraulic conductivity and transmissivity from the pumping test data. Although the method was developed for confined aquifers and transient flow condition, it can be used in unconfined situations (as is the case in this study) by introducing the mathematical relation:
where s = drawdown for the unconfined aquifer; s 1 = drawdown for the equivalent confined aquifer; b = original thickness of the aquifer; in calculating drawdown. This introduction corrects estimates for a confined aquifer (see Schwartz and Zhang 2003) . Groundwater potentials of the study area were evaluated by comparing the following parameters: thickness and resistivity of the weathered/fractured layer obtained from each vertical electrical sounding station, hydraulic conductivity, transmissivity and specific yield obtained from pumping test. Three groundwater productive zones, namely, high (yield >2.0 L/s), medium (yield ranging from 1 L/s to 2.0 L/s) and low (yield <1 L/s), were delineated based on these parameters.
RESULTS AND DISCUSSION
Groundwater flow
The results of the measured topographic elevation above mean sea level, depth to water at wells, and the computed hydraulic heads, are presented in Table 1 . Figure 4 is a contour map of depth to water showing areas of equal levels. The discontinuous nature of the basement aquifer system is revealed by the variability in the static water level measured within a particular location. The hydraulic head map (Fig. 5 ) reveals that the groundwater flows from three diverging (radiating) zones, named A, B, and C, into converging (collecting) zones designated as D, E, F and G. A good look at Fig. 4 shows that there is a cone of depression around Ayede-Amuro, which is thought to result from over-abstraction of groundwater in that area coupled with the comparative thinness of the shallow aquifer (less storativity).
Geo-electrical characterization
Typical 3-, 4-, and 5-geoelectrical subsurface layers curve types observed include H, A, HK, HA, KH, AK, AA, KQ, QH, HAH, KHK and QHK. The 3-geoelectric subsurface layers have two curve types, namely, H-type curve and A-type curve. The 4-geoelectric subsurface layers are defined by HKtype curve, HA-type curve, KH-type curve, AK-type curve, AA-type curve, KQ-type curve and QH-type curve. The 5-geoelectric subsurface layers are characterized by HAH-type curve, KHK-type curve and QHK-type curve. The frequencies of occurrence of the various type curves are shown in Fig. 6 . The curve type classification is described in Table 2 . 
Note: ρ: resistivity.
The results of the interpreted VES data and the sections indicate that the area is characterized by 3-layer to 5-layer geo-electric subsurface models. The 3-geoelectric subsurface layer model is the dominant subsurface layer type and is observed at all the locations, as revealed by one or more of the VES sounding station(s) carried out at all the locations (Fig. 7(a) , (d), (f), (g)). The 4-geoelectric layers subsurface sequence is noted at places such as Orokere Amuro and Ayede Amuro (Table 3 ; Figures 7(b) , (c), and (e)). The 5-geoelectric layers subsurface sequence is observed at Egbe, Odole-Mopa and Ogga (Fig.  7(h) ). Figure 8 shows lithologic logs (LNRBRDA 2002) of some of the boreholes drilled at various locations in the study area. The figure reveals that the area is characterized by predominantly 4-layers geologic subsurface. The difference in the numbers of subsurface layers depicted by the geologic logs and geo-electric sections can be explained by the fact that the boundaries between geologic layers do not coincide with the boundaries between layers characterized by different resistivities. For example, when the salinity of groundwater in a given type of rock varies with depth, several geo-electric layers may be distinguished within a lithologically homogenous rock. Conversely, layers of different lithologies or ages or both may have the same resistivity and thus form a single geo-electric layer (Zohdy et al. 1974) . Figure 7 (a) (VES 5), 7(b) (VES 5), 7(c) (VES 3), 7(d) (VES 2), 7(e) (VES 2), 7(f) (VES 3) and 7(g) (VES 1) are the geoelectric sections of the well logs of Okeere, Egbe, Orokere, Otafun, Odole, IletejuMopa and Agbajogun Amuro, respectively, and are presented in Fig. 8 . Looking at Figs 7 and 8, places such as Okeere, Egbe and Otafun have the 3rd and 4th geologic subsurface layers compressed into one subsurface geoelectric section. However, the number of geologic subsurface layers are the same as the number of the geoelectric subsurface section layers at Orokere and Otafun. Generally, the subsurface in the area is made up of lateritic soil, clay, weathered and fractured granite and gneiss and fractured or fresh granite/gneiss undifferentiated basement rock. The thinnest overburden of 3.0 m occurs at Mopa, while the thickest overburden of 16.0 m occurs at Otafun. Similarly, thick fractured granite/gneiss undifferentiated basement rock occurs at Ileteju, Mopa, and Orokere Amuro (Fig. 8) . Table 4 shows the results of aquifer test interpretation and groundwater potential rating. Zones where the weathered layer thickness, hydraulic conductivity, transmissivity and yield are greater than 12.0 m, 1.0 × 10 -4 m/s, 1.0 × 10 -3 m 2 /s and 2.0 L/s, respectively, are considered as zones of high groundwater potential and occur at Ileteju and Egbe. Okere, A map of the groundwater potential of the study area is shown in Fig. 9 . The high variability in the groundwater potential from place to place in the area can be attributed to differences in local geology, degree of weathering, weathering products and aquifer properties, namely hydraulic conductivity and transmissivity.
Groundwater potentials evaluation
Legend (g) Agbajogun (f) Ileteju-Mopa (e) Odole (h) Ogga
Evaluation of aquifer protective capacity
A summary of the results of the computed longitudinal conductance for the 81 vertical electrical sounding stations is presented in Table 5 . Table 6 summarizes, in percentage terms, the APC for the entire study area. It shows that 32.0% of the area is of poor APC, 38.3% is of weak APC, 23.5% is of moderate APC and 6.2% is of good APC. In hydrogeologic terms, the APC is good where the weathered basement rock is rich in clay, the electrical resistivity value is low and the longitudinal conductance value is high. Therefore, terrains that retard infiltration would be classified as having good, very good and excellent APC, whereas terrains where contaminant transport is barely restricted are rated as having poor APC. The implication of this is that those areas characterized as having poor and weak APC are vulnerable to pollution of groundwater resources. 4, 5, 7, 8, 10, 18, 21, 23, 28, 33, 46, 48, 50, 53, 67, 70, 73, 74, 75, 76, 77, 78, 79, 80, 81 26.0 32.0 Weak 1, 9, 11, 13, 16, 17, 19, 22, 24, 26, 27, 29, 30, 31, 32, 34, 35, 36, 37, 39, 42, 45, 51, 54, 59, 60, 61, 66, 68, 69, 71 31.0 38.3 Moderate 2, 6, 12, 14, 15, 20, 25, 38, 40, 41, 43, 44, 49, 52, 55, 56, 57, 58 Pollution sources include leakages from buried underground storage tanks, infiltration and percolation of leachates from decomposed open refuse dumps (nonsanitary landfills), and line and diffuse pollution from agricultural materials such as animal and chemical fertilizers. All these pollution sources are present in the study area. A map of the APC of the study area is shown in Fig. 10 .
Groundwater management
Employing a proper management strategy of a groundwater resource requires the capability to estimate how much of the water is available for development. The groundwater potential of the studied area has been divided into three zones: high, medium and low. The high zones are those of high groundwater safe yield where there is the presence of a high amount of groundwater for development and rate of groundwater extraction for consumptive use over a good period of time can be maintained without producing negative effects, whereas the medium and low potential zones correspond to areas of low safe yield. Because the medium and low potential zones cover a larger part of the area, groundwater management is essential to enhance continuous supply of groundwater in the area. The strategies advocated in this situation include overdraft mitigation (to allow groundwater recharge meet up with extraction) and conjunctive use of water resources. Surface sources in conjunctive use could include rivers Kampe, Oyi, Ebba, Erigi and Ahuru, any of which could be dammed and treated to supplement groundwater.
SUMMARY AND CONCLUSIONS
Hydrogeological and geophysical investigations were carried out with the objectives of characterizing the groundwater potentials and the APC of the EgbeMopa basement complex area in central Nigeria.
Static water levels measured were used to generate the hydraulic head model of the area. The groundwater flow direction reveals a general northern converging zone and a general southern diverging zone. The converging zone did not coincide with high and medium groundwater potential zones, reflecting the variability in the aquifer system and non-uniform basement relief. Geo-electrical survey results show that the area is characterized by 3-layers to 5-layers subsurface sequences all of which depict top soil, weathered/fractured layer and fresh bedrock. Two aquifer types were identified, namely the weathered layer aquifer and the weathered/fractured aquifer. The weathered layer aquifer constitutes the predominant aquifer type. Three groundwater potential zones high, medium and low, were delineated based on the weathered layer resistivity and thickness, overburden thickness, hydraulic conductivity, transmissivity and yield. The characteristics of the zones vary from place to place as a result of the variability in basement relief and of the local discontinuous nature of the basement geology.
Four distinct APC zones were defined, namely poor, weak, moderate and good. The rating was based on longitudinal conductance values. Vertical electrical sounding stations whose computed longitudinal conductance values range from 0.7 to 4.9 mhos, 0.2 to 0.69 mhos, 0.1 to 0.19 mhos and <0.1 mhos are, respectively, classified as good, moderate, weak and poor APC zones. Poor and weak APC zones are very vulnerable to contamination, while areas of moderate and good APC zones are less vulnerable to contamination.
